Osteogenesis imperfecta (OI) is a collective term for a set of connective tissue syndromes with heterogeneous etiology characterized by bone fragility, susceptibility to bone deformity, and the occurrence of fractures. OI is considered to be the most common skeletal dysplasia, with an estimated prevalence of around 6-7 per 100,000 births [Van Dijk et al., 2010; Van Dijk and Sillence, 2014] . Several molecular studies identified 17 genes, primarily involved in the biosynthesis of collagen, in which mutations can be causative for OI. However, the International Nomenclature Group for Constitutional Disorders ICHG of the Skeleton (INCDS) standardized the classification of OI by keeping the 4 types that were originally described by Sillence et al. [1979] , and adding OI type V [Warman et al., 2011; Van Dijk and Sillence, 2014] . This current classification is based on the severity and clinical features of the disorder and is comprised of: mild (OI type I/OI-I), lethal (OI type II/OI-II), severely deforming (OI type III/OI-III), moderately deforming (OI type IV/OI-IV), and OI type V (OI-V).
OI-V (OMIM 610967) is a nonlethal form that presents a wide variability in its severity, distinct clinical characteristics, and an autosomal dominant inheritance pattern [Shapiro et al., 2013; Van Dijk and Sillence, 2014] . It was originally described in 1908 by Battle and Shattock as a specific type of OI in which calcification of the inter-osseous membrane (CIM) was observed in the forearms and legs. Further studies complement this description, adding other specifically clinical characteristics and suggesting that OI-V corresponds to 4-5% of all OI cases [Bauze et al., 1975; Glorieux et al., 2000; Van Dijk and Sillence, 2014] .
Among the main features of OI-V, the formation of hyperplastic callus (HPC) after corrective surgery or fracture is often observed as well as the absence of dentinogenesis imperfecta (DI), progressive calcification (ossification) of the interosseous membrane (CIM) between radius-ulna and/or tibia-fibula, and dislocation of the radial head (DRH) that causes restriction in the pronation and supination of the forearm [Glorieux et al., 2000; Cho et al., 2012; Shapiro et al., 2013] .
In 2012, a single heterozygous mutation (c.-14C>T) in the 5 ′ untranslated region (5 ′ UTR) of the IFITM5 gene encoding the interferon-induced transmembrane protein 5 was described to be causative for OI-V. This mutation adds 5 amino acids (Met-Ala-Leu-Glu-Pro) to the N-terminus of the protein. The product of the IFITM5 gene, located on chromosome region 11p15.5, is also known as bone-restricted IFITM-like protein, a protein with 132 amino acids that has 2 transmembrane domains and an intracellular loop [Cho et al., 2012; Semler et al., 2012] . After this specific mutation was published, several studies reported cases of individuals with the same mutation and phenotype of OI-V [Cho et al., 2012; Semler et al., 2012; Takagi et al., 2013; Balasubramanian et al., 2013; Grover et al., 2013; Kim et al., 2013; Rauch et al., 2013; Shapiro et al., 2013; Zhang et al., 2013; Guillén-Navarro et al., 2014; Lazarus et al., 2014; Reich et al., 2015] .
The aims of this study were to describe the clinical and radiological characteristics of OI-V, in addition to analyzing the c.-14C>T mutation in the IFITM5 gene and to compare our findings to cases already reported in the literature.
Patients and Methods

Patients
Of the 125 registered OI patients at the Reference Center of Osteogenesis Imperfecta at Hospital de Clínicas de Porto Alegre (CROI-HCPA), 35 patients, both male and female, were included in this study. The cases were selected according to clinical and radiological features of OI-V, and ranged in age from 1 to 52 years. Two additional cases, with suggestive features, were referred from other centers (Recife, PE, and Rio de Janeiro, RJ) for molecular analysis.
Data from medical records and radiographic images were reviewed for confirmation of clinical data and for the presence of CIM between the radius-ulna and/or the tibia-fibula as well as DRH, HPC formation or remodeling, scoliosis, and spine fractures. Bone mineral density (BMD) was measured by DEXA (Dual Energy X-ray Absorptiometry/HOLOGICQDR-4500, version 8.26: 3, Waltham, Mass., USA). A Z-or T-score for bone mass that was 2 SD or more below the mean for the age of the patient was defined as low BMD, following the official consensus of the Brazilian Society for Clinical Densitometry in 2006 [Zerbini et al., 2007] .
Clinical Reports
All cases reported here had a confirmed diagnosed of the c.-14C>T mutation in the IFITM5 gene.
Case 1
The boy, 14 years old, is the third child of nonconsanguineous parents ( fig. 1 A, B) . His father (case 2), aunt (case 3), and paternal grandfather had a history of multiple fractures. He was born by cesarean section with a birth weight of 2,430 g (2nd percentile) and a length of 46 cm (2nd percentile). A large fontanel was observed at birth. At 3 months, upon admission to the hospital for pneumonia, rib fractures were observed on X-ray. This patient had ∼ 27 fractures distributed over the arms, forearms, femurs, legs, ribs, and spine ( fig. 1 C) . The latest identified was a spinal fracture, at 13 years of age, and was treated with a brace. The patient has an intramedullary rod in the right femur and is able to walk independently. A physical examination at 14 years of age showed a height of 158.5 cm (25-50th percentile) and a weight of 62.8 kg (75-90th percentile), with a OFC of 56.5 cm (50-98th percentile). Ligamentous laxity, restriction of pronation and supination of the forearms, deformities of long bones, severe scoliosis and pronated feet, absence of blue sclera, and DI were observed. This patient has been on intravenous pamidronate treatment since 2 years of age. Radiographic examination showed deformities of the long bones and ribs, CIM between the forearm ( fig. 1 D) and leg bones, and proximal dislocation of the radius head. At 3 years of age, BMD was 0.450 g (Z-score: -5.8 SD) in the spine and 0.509 g/cm 2 (Z-score: -3.5 SD) for the whole body. At age of 13, the spinal BMD score was 0.955 g/cm 2 (Z-score: 0.7 SD) and the whole body score was 0.981 g/cm 2 (Z-score: 1.1 SD).
Case 2 This male patient, 51 years old, is the father of case 1 ( fig. 1 E,  F) . His first fracture, in the humerus, occurred at 12 months of age, and he reports a history of 16 fractures distributed among the clavicle, patella, forearms, spine, feet, and hands. He has a constant complaint of back pain. His height was 164.5 cm (5th percentile) with a weight of 59.3 kg (10-25th percentile). Upon physical examination, a slightly blue sclera, limitation of pronation and supination of the forearms, no DI, and an independent gait were observed. The patient had worn an orthopedic brace for several years due to scoliosis and had received treatment with oral bisphosphonate. Radiographic examination revealed deformity of the long bones and ribs, scoliosis associated with fracture by compression in several thoracolumbar vertebrae ( fig. 1 G) , DRH and CIM of the bones of the forearms ( fig. 1 H) and legs. A protuberant remodeled callus on the humerus suggestive of HPC was noted. Bone mineral densitometry showed 0.747 g/cm 2 (T-score: -3.9 SD) in the spine and 0.847 g/cm 2 (T-score:-1.8 SD) for the total femur. This 52-year-old female is the paternal aunt of case 1 and a sister to case 2 ( fig. 1 I, J). Her first fracture occurred at 13 years of age in the right tibia and fibula. She had ∼ 7 fractures distributed among the femur, tibia, fibula, elbows, toes, and hands. On physical examination, her height was 127.5 cm (<2nd percentile) and weight 47.7 kg (10th percentile). Bone deformities, particularly an anterior bowing of the tibias, limitation of pronation and supination of the forearms, and lack of blue sclera and DI were observed. She was able to walk with support of an auxiliary device. She has received treatment with oral bisphosphonate. At 51, she was diagnosed with a melanoma in the neck and underwent surgical intervention. She presented with joint degeneration in the right hip and was determined to be a candidate for hip replacement surgery. The bone densitometry showed osteoporosis of the spine (BMD: 0.654 g/cm 2 ; T-score: -4.4 SD) and distal radius (0.268 g/cm 2 ; Tscore: -4.3 SD), with proximal femoral osteopenia (BMD: 0.722 g/cm 2 ; T-score: -1.8 SD). X-ray showed deformities of the long bones and ribs, with scoliosis associated with vertebral fractures ( 
Case 4
This patient is an 18-year-old female with no available family history; she was adopted at 12 months of age. Her birth weight was 2,900 g (10-25th percentile) with a length of 47 cm (3-5th percentile) and an OFC of 34 cm (25th percentile). A large fontanel and fracture of the left clavicle was noted. She had multiple fractures distributed between the spine, pelvis, upper, and lower limbs. The latest fracture was in the pelvis at age 17. Her height was 137 cm (<3rd percentile) and her weight was 36 kg (<3rd percentile). On clinical examination, blue sclera, bone deformities in the arms and legs, and a lack of DI were noted. She had intramedullary rodding in the right femur and left tibia. Up until 14 years of age, she was able to walk at home with aid; however, upon the occurrence of a new fracture, she became wheelchair dependent. She was treated with cyclic pamidronate between 7 and 12 years of age and had received 14 cycles before pamidronate was replaced by oral bisphosphonate (alendronate). X-rays showed bone deformities in the long bones of the forearms and legs, vertebral fractures, and CIM between the bones of the forearms and legs.
Case 5 This patient is a 30-year-old male and the second son of nonconsanguineous parents with no family history of OI ( fig. 1 M, N) . His first fracture occurred between 3 and 6 months of age, and he was diagnosed with OI at the age of 5 years. He presented with ∼ 30 fractures distributed among the spine, humerus, radius, ulna, femur, tibia, ribs, hands, and skull. The latest fracture occurred in the 5th metacarpal when he was 29 years old. Clinical evaluation showed a height of 146.6 cm (<3rd percentile), a weight of 49 kg (<3rd percentile), laxity of ligaments, lack of blue sclera and DI, bone deformities such as bowing of the long bones in the upper and lower limbs, limitation of pronation and supination of the forearms, and deformities of the feet. He was currently taking oral bisphosphonate (alendronate) and has an independent gait. X-rays at the age of 29 showed levoconvex scoliosis with a Cobb's angle of 10°, severe reduction of vertebrae height due to vertebral body compression fractures ( fig. 1 O) , and deformities of the ribs and long bones, with DRH on the forearms, CIM between radius and ulna ( fig. 1 P, Q) , and HPC in the left humerus. BMD measurements showed 0.741 g/cm 2 (T-score: -1.9 SD) in the femoral neck and 0.610 g/cm 2 (T-score: -4.4 SD) in the spine.
Case 6
This 3-year-old girl was referred from Recife, PE, Brazil ( fig. 1 R, S) . She is the first daughter of nonconsanguineous parents with no family history of OI. She was diagnosed with OI after the first year of life, having had 4 fractures that were distributed among the femur, humerus and spine. Upon physical examination, her height was 95.5 cm (75-90th percentile), her weight was 15.2 kg (75-90th percentile) and she presented with joint laxity, scoliosis, the absence of blue sclera, and DI. She was treated with cyclic pamidronate and has an independent gait. Radiographic examination revealed the presence of wormian bones in the skull, dextroconvex scoliosis, and deformity of the ribs ( fig. 1 T) as well as microfractures that reduced the height of several vertebral bodies with greater involvement between the thoracic and lumbar spine transition at the age of 2. A femur fracture under consolidation with HPC formation in the site of the fracture was also observed ( fig. 1 U) and CIM between the forearms bones. Lower limb X-rays showed a difference of 1.01 cm between the limbs, with the right limb being shorter.
Case 7
This 10-year-old boy was referred from Rio de Janeiro, RJ, Brazil ( fig. 1 V, W) . He is the second son of nonconsanguineous parents; his mother and brother have OI. His first fracture occurred at 2 years of age, with a total of 6 fractures distributed between the right and left radius and the right tibia. Following the first fracture, surgical intervention for the placement of intramedullary rodding was performed. His height was 141 cm (75-90th percentile) and weight 53 kg (>97th percentile). He was observed to have dorsal kyphosis, bone deformities of the forearms, and the absence of blue sclera and DI. He had an independent gait and had been on oral bisphosphonate for 1 year. X-rays revealed a fracture by compression at the 3rd lumbar vertebra ( fig. 1 X, Y) at 10 years, bone deformities in the radius, ulna and ribs, and CIM between both forearm and leg bones ( fig. 1 Z) . BMD for the right hip and lumbar spine was 0.888 g/cm 2 (Z-score: 1.7 SD) and 0.734 g/cm 2 (Z-score: 0.5 SD), respectively.
Molecular Analyses
To conduct molecular analyses, 5 ml of peripheral blood were collected from each patient, and DNA was extracted according to standard methods. A 370-bp fragment, encompassing the 5 ′ UTR of the IFITM5 gene, was amplified by PCR using a Veriti , and 1 U Platinum Taq DNA polymerase (Life Technologies, Foster City, Calif., USA). Amplification products were purified by the Exo/SAP protocol and subjected to Sanger sequencing using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) in a final volume of 10 μl. Labeling reactions were performed in a thermocycler with an initial denaturing step of 95 ° C 
Results
Among the 35 individuals analyzed at CROI-HCPA, 5 cases were found to harbor the OI-V-associated c.-14C>T mutation in the IFITM5 gene. Additionally, 2 individuals referred from others centers were also positive for this mutation ( fig. 2 ) . Clinical data and radiographic findings are described in table 1 . Of the 7 patients harboring the IFITM5 mutation, 4 were males and 3 females. Two cases were isolated, 4 had a positive family history of OI, and in 1 case the family history was unavailable. Absence of DI was observed in all patients; 4 patients had DRH, and 1 had a bilateral displacement. Figure 1 shows patient and radiological images. HPC was confirmed via X-ray in 3 cases and was suspected in one additional case. All patients had CIM between the radius-ulna, and 4 individuals had additional CIM between the tibia-fibula. Spine fractures, by vertebral compression, as well as a characteristic pyramidal shape of the chest and ribs, were observed in all subjects.
Discussion
In this study, we describe 7 unreported cases with the diagnosis of OI-V carrying the c.-14C>T mutation in the 5 ′ UTR of the IFITM5 gene. This number corresponds to ∼ 4% of all OI cases at CROI-HCPA. Although these individuals have been identified to harbor the same mutation, the severity of the disease phenotype varies significantly. IFITM5 is a member of the interferon-induced transmembrane gene family, and this specific heterozygous mutation has been described to be causative for OI-V [Cho et al., 2012; Semler et al., 2012] . The specific function of IFITM5 in bone development has not been well elucidated, but it is known to increase ectopic ossification and appears to be involved in the process of bone formation and osteoblast maturation [Reich et al., 2015] . The expression of wild IFITM5 has been shown to be limited to osteoblasts, and the expression of mutant IFITM5 is restricted to bone and cartilage [Cho et al., 2012; Semler et al., 2012] .
In vitro studies using mouse models have shown that the product of the IFITM5 gene plays a role in mineralization during bone growth in the early mineralization stage and in prenatal development [Moffatt et al., 2008; Hanagata et al., 2011] . A neomorphic effect of Ifitm5 mutation in the bone was observed in a recent study of mutant Iftim5 transgeni c mice. The OI-V mutation (c.-14C>T) in Ifitm 5 led to low bone mass, abnormal osteoblast differentiation, delayed skeletal development, and skeletal defects in these mice that included abnormal rib cage formation, long bone deformities, and fractures [Lietman et al., 2015] .
The clinical presentation of OI-V associated to this mutation ranges from moderate to severe, and the literature has described specific clinical features of this type of OI. The main features are absence of DI, HPC, CIM, and DRH with frequencies around 64, 88, and 78%, respectively [Cho et al., 2012; Semler et al., 2012; Takagi et al., 2013; Balasubramanian et al., 2013; Grover et al., 2013;  Kim et al., 2013; Rauch et al., 2013; Shapiro et al., 2013; Zhang et al., 2013; Guillén-Navarro et al., 2014; Lazarus et al., 2014; Reich et al., 2015] . However, some studies including patients with clinical diagnosis of OI-V were published before this specific related mutation was found in 2012 [Glorieux et al., 2000; Lee et al., 2006; Zeitlin et al., 2006] .
In general, these patients do not have discoloration of the sclera or wormian bones in the skull, but do present with frequent fractures that lead to bone deformity, short stature, scoliosis, vertebral compression fractures, and joint hypermobility [Glorieux et al., 2000; Cho et al., 2012; Shapiro et al., 2013] .
In the current study, we observed only 2 patients with blue sclera. Consistent with our findings, Shapiro et al. [2013] reported 2 out of 17 patients with blue sclera, while only 2 other studies have cited 2 or more cases of patients with OI-V presenting with blue sclera  
BMD, SD spine-Z: 0.7 total body-Z: 1.1 spine-T: -3.9 total femur-T: -1. [Cho et al., 2012; Semler et al., 2012; Balasubramanian et al., 2013; Grover et al., 2013; Kim et al., 2013; Rauch et al., 2013; Shapiro et al., 2013; Takagi et al., 2013; Zhang et al., 2013; Guillén-Navarro et al., 2014; Lazarus et al., 2014; Reich et al., 2015] . Guillén-Navarro et al, 2014] . Regarding DI, we observed no impairments of dentin, which is consistent with several previous studies [Glorieux et al., 2000; Lee et al., 2006; Zeitlin et al., 2006; Cho et al., 2012; Semler et al., 2012; Takagi et al., 2013; Zhang et al., 2013; Shapiro et al., 2013; Guillén-Navarro et al., 2014] .
Short stature seems to be frequent among individuals with OI-V; 9 previous studies in which 85 individuals were described included 57 who presented with reduced stature [Glorieux et al., 2000; Lee et al., 2006; Cho et al., 2012; Semler et al., 2012; Takagi et al., 2013; Balasubramanian et al., 2013; Hoyer-Kuhn et al., 2014; Rauch et al., 2013; Guillén-Navarro et al., 2014] . Only one of the individuals in our study was dependent on a wheelchair for mobility, although this person had been able to walk independently through adolescence. Cho et al. [2012] observed, among a cohort of 19 individuals, only 8 with fully independent walking. In another study, among 16 subjects observed with this criterion, 2 presented gait with support, and 4 patients were dependent on a wheelchair for mobility [Shapiro et al., 2013] .
Bone fragility is the main feature of OI, and OI-V with the IFITM5 mutation appears to be no exception. A wide variability in the age of the first fracture, as well as the total number of fractures, was seen in the patients in the current study. This is consistent with previous reports that included patients with the same mutation, which find that the number of fractures is indeed highly variable; frequencies from 0 to 30 fractures have been reported [Cho et al., 2013; Kim et al., 2013; Lazarus et al., 2014; Reich et al., 2015] . Zhang et al. [2013] described 4 Chinese families with individuals aged between 4 and 29 years with the occurrence of 3-11 fractures. In our sample, 2 subjects had fractures at birth, and one had the first fracture at 13 years of age. This criterion also was analyzed in 2 previous studies; in the first study, 42% of patients had fractures at birth [Rauch et al., 2013] . In the second, 3 subjects experienced the first fracture before birth, still in utero [Reich et al., 2015] .
Furthermore, we observed that all the patients had vertebral fractures by compression, and only one individual did not have scoliosis. Two previous studies have described the occurrence of vertebral fractures in 87 and 100% of the cases [Lee et al., 2006; Shapiro et al., 2013] , and scoliosis was observed at a frequency between 50 and 76% in 5 studies involving 98 individuals [Glorieux et al., 2000; Zeitlin et al., 2006; Kim et al., 2013; Rauch et al., 2013] . Also relevant, the investigators in all these cases observed the patients to exhibit a pyramidal shape of the chest and ribs with an unusual form and downward slanting [Kim et al., 2013] . The cause for this alteration of the rib position and shape is unknown, and this feature has not been described in other types of OI.
Changes in bone mineralization arising from an increase in ectopic ossification lead to a characteristic osteoporotic phenotype in all of these patients; however, they also present with exuberant bone formation, reflected by the HPC development, which is unique to this type of OI [Cheung et al., 2007; Cho et al., 2012; Shapiro et al., 2013] . Histomorphometrically, there are also differences in OI-V, as these individuals exhibit a lower rate of bone remodeling activation due to lower bone formation and resorption parameters when compared to patients with OI-IV [Glorieux et al., 2000] .
In addition, we observed the presence of HPC only in the long bones and after fractures had occurred. HPC is a soft tissue anomaly characterized by exuberant bone formation with extensive expansion beyond the site of fracture, which occurs following fracture or surgery, and whose etiology remains unclear [Cheung et al., 2007; Shapiro et al., 2013] . In general, during the formation of HPC, biochemical changes are observed that include an increase of serum alkaline phosphatase and urinary excretion of N-telopeptide [Glorieux et al., 2000] . According to Cheung et al. [2007] , fractures are the most common complication resulting from HPC and may lead to bone deformation. Additionally, a differential diagnosis with osteosarcoma needs to be carefully investigated.
All individuals presented CIM in the upper limbs, and 58% had DRH. CIM has often been observed in subjects with OI-V; similar to our findings, a high frequency of CIM around 80 and 100% have been reported in different studies [Cho et al., 2012; Kim et al., 2013; Rauch et al., 2013; Shapiro et al., 2013; Lazarus et al., 2014] . However, a greater variability in the presentation of DRH has been reported in the literature. In general, the frequency of DRH described varies between 60 and 100% in the OI-V individuals; however, Semler et al. [2012] did not observe DRH in either of 2 individuals analyzed [Cho et al., 2012; Kim et al., 2013; Rauch et al., 2013; Shapiro et al., 2013; Lazarus et al., 2014] .
Clinical intrafamilial variability had been reported in OI-V [Rauch et al., 2013; Shapiro et al., 2013] , as was observed in this study. Bone deformities and lack of DI were common clinical features between the described family members (cases 1, 2 and 3); however, case 3 had a severe short stature and 'saber shin' deformity of the tibias. Also, case 1 rapidly developed a severe scoliosis (Cobb's angle >45°) when he started puberty, different from other family members that had mild spine deformity. The mother and brother of case 7 also had OI clinical diagnosis; however, Osteogenesis Imperfecta Type V Mol Syndromol 2015;6:164-172 DOI: 10.1159/000439506 171 both experienced only a few fractures throughout life (2 and 9 fractures, respectively). Both siblings had CIM between radius-ulna, and only the brother had HPC.
In our study, all patients had received treatment with oral or intravenous bisphosphonate; however, the efficacy of this drug was not evaluated since this was not the goal of this study.
Among individuals with negative result to IFITM5 mutation analysis, the severity of OI ranged from mild to severe (OI-I: 3, OI-III: 10, OI-IV: 17). White and blue sclerae were observed, and 21 individuals had DI. In addition, the majority of these patients experienced multiple fractures since childhood and had some degree of joint mobility restriction at the forearm -deformity secondary to fracture or surgery intervention at the site. Some of these patients had scoliosis or vertebrae fracture, but none had the alteration of thorax shape similar to the individuals with positive mutation result. One patient had a very severe scoliosis going through surgery when she was only 11 years old, and a second patient had the first vertebral fracture at the early age of 6 years.
The present study has limitations; some of the data were retrospective, based on data recorded in medical charts. We did not have radiographic confirmation for all fractures; therefore, we also used clinical histories according to family information. Bisphosphonate treatment and bone densitometry results were not evaluated because of the many variables involved that were not within the scope of this study.
OI-V corresponds to 4% of OI cases in Brazil, which is similar to the overall incidence in other populations.
All subjects described in this report had the c.-14C>T IFITM5 mutation and an OI-V phenotype similar to other populations previously described. CIM seems to be the most frequent feature present in this type of OI as well as the absence of DI. The confirmation of the specific IFITM5 mutation for diagnostic purposes is essential, as this will contribute to more specific genetic counseling and clinical management in these families.
